Introduction
Nitrous oxide (N2O) is produced commercially by the decomposition of ammonium nitrate or by the catalytic oxidation of ammonia and is used as an anesthetic in medical treatments1).
As N2O is quite a simple molecule and releases its oxygen by an interaction with heterogeneous catalysts, it has been used in many catalysis researches.
For example the decomposition of N2O has been employed as a test reaction to elucidate the function of various catalysts2)-6), to investigate the behavior of active oxygen species on the catalyst surface derived from N2O7)-12). Active oxygen species from N2O are also used as an oxidant in the oxidative coupling of methane13) or partial oxidation of methane7), 8) , direct phenol synthesis from benzene14),15), epoxidation of ethylene10), partial oxidation of ethane16), etc.
Recently N2O has attracted much attention from the point of environmental concern; it has an ozone-depleting action as well as promotion of green-house effect17). N2O is emitted from the combustion systems in various factories and from automobile catalytic converters. It is also formed in some chemical processes.
For One milliliter of the catalyst was charged in the tubular quartz reactor (inner diameter of 6mm), and 1% of N2O in He was passed into the reactor at a space velocity of 1800h-1. Space velocity was defined as: the ratio of the volumetric feed rate of the reaction gas (at room temperature and in atmospheric pressure) to the catalyst bed volume.
The catalyst bed was heated the remaining N2O at the exit of the reactor was determined with a gas chromatograph. It was confirmed that the reaction rates were not controlled by the size of the catalyst granule.
Temperature programmed desorption (TPD) of oxygen was carried out with a quartz vessel connected to a vacuum line.
The catalysts were was monitored with a mass spectrometer. 3. Results and Discussion 3.1. Decomposition of N2O on Various Catalysts Precious metals were used for the active component, and screening test was conducted first to find the most effective combination of precious metals and supports.
When Ru was selected and the effect of the supports was investigated, CeO2 was found to be the most effective (Fig. 1) . Shown in Fig. 2 are the results of the comparison of the activities between Ru, Rh, Pt, and Pd, using CeO2 as a common support.
Rh showed higher activity than Ru and was found to be the most active.
The activity of CeO2 itself was rather low. Finally, the effect of the supports was again investigated with Rh as a common component (Fig. 3) . The result also indicated the superiority of Rh/CeO2. As the amounts of precious metals loaded differed among the catalysts, the activities of the catalysts was evaluated by the specific decomposition rate of N2O (amount of N2O decomposed per unit time and unit amount of precious metals) calculated from the data in Fig. 3 , and the result is shown in Fig. 4 . Even by this way of evaluation, it was also confirmed that Rh/ CeO2 was the most active catalyst. The authors selected Rh/CeO2 for the subsequent investigation.
Shown in Fig. 5 are the effects of water and oxygen on the reaction over Rh/CeO2. Water This small negative value can be compared with the large one (-0.50) for Ru-exchanged zeolite in which oxygen has a remarkable poisoning effect18). The small negative effect of oxygen for Rh/CeO2 shows the nature of this catalyst to affect the mobility of oxygen, as described later.
It was found that the activity of Rh/CeO2 completely recovered when both of them were eliminated from the reaction gas.
3.2.
Properties of Rh/CeO2 and Its Catalytic Action TEM image of Rh/CeO2 is shown in Fig. 6 . [N2O]=1% in He; catalyst=1ml; space velocity=1800h-1. Fig. 7 is the Ce 3d ESCA spectra (3d3/2 and 3d5/2) of the fresh CeO2 and Rh/CeO2. The spectrum of Ce has complicated features due to shake-up and shake-down effect, and the peaks are labeled with terms u and v23). The spectrum of CeO2 shows five peaks.
The peak u"at a binding energy (BE) of 908.6eV is due to Ce4+, u (901.6eV) to Ce3+ plus Ce4+, v"' (899.3eV) to Ce4+, v" (889.3 eV) to Ce4+, and v (883.2eV) to Ce3+ plus Ce4+. The spectrum of Rh/CeO2 has a little different feature. It has two peaks (u' at 904.2eV and v' at 886.3eV) in addition to the above five peaks.
Both peaks (u' and v') are due to Ce3+. The relative intensity of the peaks due to Ce4+ (peaks u", v"' and v") is smaller than that of CeO2 without Rh. These facts show that the Ce is in a more reduced state in the presence of Rh. As Rh/CeO2 was calcined at during this procedure in the presence of Rh. This phenomenon is important in considering the catalytic action of the Rh/CeO2 composite catalyst.
ESCA spectra of Rh are shown in Fig. 8 . Rh/ CeO2 showed two peaks due to Rh at BE of 313.5eV (3d3/2) and 308.7eV (3d5/2). After Ar etching for 5min, they shifted to lower BE at 312.8eV and 308.0eV, respectively.
This shift in the peak position was not caused by the effect of charging caused by Ar etching because the peak position for other elements scarcely changed. For example oxygen 1s1/2 peak was at 529.8eV and 529.7eV before and after Ar etching, respectively. Thus the shift of the Rh 3d peaks to lower BE showed that the surface Rh was in a more oxidized state than that in the underlayer.
As the 3d5/2 BE after Ar etching (308.0eV) was higher than that for metallic Rh (307.1eV)24), the Rh in the underlayer was still in an oxidized state.
According to the method of Kerkhof, mean particle size of Rh was intensities of Rh and Ce [Rh: 3d3/2 peak plus 3d5/2 peak, Ce: 4d3/2 peak plus 4d5/2 peak]25). This value, however, should be taken as a mere reference because Rh with that particle size should have been identified by the TEM observation.
Precious metals have lower affinity toward oxygen than transition metals of the first series26). Thus the combination of precious metals with transition metal oxides is expected to affect the mobility of oxygen on both elements. This situation is shown in our previous work on the synergistic effect of Ag with Mn2O3 in the oxidation of carbon monoxide.
The mobility of oxygen on Mn2O3 increases in the presence of Ag; Ag withdraws oxygen from Mn2O3 and releases it to oxidize carbon monoxide, resulting in the improved activity of this composite catalyst27). The ESCA analyses shown above also suggest that the oxygen belonging to CeO2 becomes mobile in the presence of Rh and Ce is reduced during heat treatment.
In order to see the effect of Rh on the mobility of oxygen on CeO2, TPD of oxygen from Rh/CeO2 was conducted, and the result is shown in Fig. 9 . CeO2 desorbed oxygen in the temever, released much greater amount of oxygen in that temperature region, and, in addition, it desorption from Rh2O3 with the same amount of Rh as Rh/CeO2 was negligible, and Rh/Al2O3 neither desorbed much oxygen (not shown in the figure) .
These facts show that desorption of oxygen from rhodium oxides on Rh/CeO2 (if present) was negligible and that the oxygen desorbed mainly from CeO2. Thus Rh withdrew oxygen from CeO2 and released it into the vapor phase.
Both CeO2 and Rh/CeO2 had two oxygendesorption peaks in the same temperature region. This also seems to support the idea that oxygen was desorbed from CeO2-part of Rh/CeO2 through Rh: desorption of two kinds of oxygen on CeO2 was amplified in the presence of Rh.
The second peak from Rh/CeO2 appeared at lower temperature region than that from CeO2. This temperature shift to lower-side may be also due to the action of Rh. CeO2, and (---) Rh2O3
TPD procedure is described in the experimental section.
unreduced CeO2 (see Fig. 2 ) although it could not because the reduced sites of CeO2 were re-oxidized Rh/CeO2 which was deactivated in the decompose N2O again with the increases in the reaction temperature (Fig. 11) . The difference in the activities of CeO2's in Rh/CeO2 and in pure CeO2 difference in the degree of reduction; CeO2 in Rh/ CeO2 was probably more deeply reduced with the aid of Rh.
Rh/Al2O3 and Rh/SiO2 exhibited comparatively high activity to decompose N2O (Fig. 3) . As both Al2O3 and SiO2 are stoichiometric oxides whose lattice oxygens are not mobile, the activity of the both catalysts comes from Rh; Rh itself is an efficient element for the decomposition of N2O. Thus, to an inherent activity of Rh, to decompose N2O, is added an additional activity of CeO2, which is derived by the action of Rh. The reason why co-existing oxygen exhibited only a small retarding effect is the result of the action of Rh to easily expel oxygen from the catalyst system. 4 . Reaction condition is the same as shown in Fig. 1 . Catalyst=1ml
(1.34g for Rh/CeO2 and 0.77g for Rh/ Al2O3).
CeO2
Reaction condition is the same as shown in Fig. 1 .
Catalyst=1ml
(1.34g for Rh/CeO2 and 1.51g for CeO2). Rh/CeO2 was used in the experiment shown in Fig. 10 beforehand.
